Sagiyama virus (SAG) is a member of the genus Alphavirus in the family Togaviridae, isolated in Japan from mosquitoes in 1956. We determined the complete nucleotide sequence of the SAG genomic RNA from the original stock virus which formed a mixture of plaques with different sizes, and that from a full-length cDNA clone, pSAG2, infectious RNA transcripts from which formed uniform large plaques on BHK-21 cells. The SAG genome was 11 698 nt in length exclusive of the 3h poly(A) tail. Between the complete nucleotide sequences of the full-length cDNA clone, pSAG2, and the consensus sequence from the original stock virus, there were nine amino acid differences ; two each in nsP1, nsP2 and E1, and three in E2, some of which may be responsible for plaque phenotypic variants in the original virus stock. SAG was most closely related to Ross River virus among other alphaviruses fully sequenced, with amino acid sequence identities of 86 % in the nonstructural proteins and of 83 % in the structural proteins. The 3h terminal 280 nt region of SAG was 82 % identical to that of Barmah Forest virus, which was otherwise not closely related to SAG. Comparison of the nucleotide sequence of SAG with partial nucleotide sequences of Getah virus (GET), which was originally isolated in Malaysia in 1955 and is closely related to SAG in serology and in biology, showed near identity between the two viruses, suggesting that SAG is a strain of GET.
Introduction
Sagiyama virus (SAG) is a member of the genus Alphavirus in the family Togaviridae . SAG was isolated at a heronry near Tokyo, Japan in 1956 from Culex tritaeniorhynchus mosquitoes (Scherer et al., 1962 a, b) . Among other alphaviruses, SAG is most closely related antigenically to Getah virus (GET), a virus that was first isolated in Malaysia in 1955 from Culex gelidus mosquitoes (Berge, 1975) and has since been found widely in Southeast Asian countries, Australia and Japan (Kono, 1988) . SAG and GET can be differentiated by oligonucleotide fingerprinting (Morita & Igarashi, 1984) and infectivity for Xenopus cells (Chanas et al., 1977) , but otherwise the two viruses are quite similar serologically and biologically (Kono, 1988) . Many strains of SAG and GET have been isolated in Japan from mosquitoes  Author for correspondence : Yukio Shirako.
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The nucleotide sequence data reported in this paper have been submitted to DDBJ and assigned accession no. AB032553. Igarashi et al., 1981 ; Kumanomido et al., 1986) , swine (Nakamura et al., 1967) and racehorses (Kamada et al., 1980 ; Sensui & Kono, 1985) . Antibodies against SAG and GET have been detected in mammals, including humans and domestic animals, and in birds Nakamura et al., 1967) , but there have been no cases of illness caused by either virus (Kono, 1988) except for sporadic cases of fever and oedema in racehorses during outbreaks of GET infection in 1978 and 1983 in Japan (Kamada et al., 1980 ; Sensui & Kono, 1985) .
The genus Alphavirus consists of 26 registered members, with Sindbis virus (SIN) as the type species . Alphaviruses are divided into seven serocomplexes (Calisher et al., 1980) and into three major phylogenetic clusters . The genome is a positivestranded RNA with approximately 11-12 kb . The 5h end is capped and the 3h end is polyadenylated. Four nonstructural proteins, nsP1, nsP2, nsP3 and nsP4, which are required for virus RNA replication, are encoded in the 5h-terminal region as a polyprotein, which is proteolytically processed into functional products by the nsP2 proteinase. The five proteins required for mature virion formation, C, E3, E2, 6K and E1, are encoded in the 3h-terminal region and translated from the subgenomic RNA, which is 3h coterminal to the genomic RNA. Complete nucleotide sequences have been published for nine members so far : SIN (Strauss et al., 1984) , Ockelbo virus (Shirako et al., 1991) , Aura virus (AURA) (Rumenapf et al., 1995) , Semliki Forest virus (SF) (Takkinen, 1986 ; Garoff et al., 1980) , Ross River virus (RR) (Faragher et al., 1988) , o'nyong-nyong virus (ONN) (Levinson et al., 1990) , Venezuelan equine encephalitis virus (VEE) (Kinney et al., 1989) , eastern equine encephalitis virus (EEE) (Weaver et al., 1993) and Barmah Forest virus (BF) (Lee et al., 1997) . Previously it was reported that SAG is a member of the GET subtype in the SF serocomplex, which also includes RR and Bebaru virus (Calisher et al., 1980) , but little information on the genome structure has been available, only partial nucleotide sequences of the nsP1 gene and the 3h-untranslated region (Pfeffer et al., 1997 (Pfeffer et al., , 1998 . In this paper, we report the complete nucleotide sequence of the SAG genome from non-plaquepurified stock virus and that from a full-length cDNA clone from which infectious RNA can be transcribed in vitro to reveal the relationship of SAG to the other alphaviruses. Our result suggests that SAG is closely related to RR and can be considered as a strain of GET.
Methods
Virus, cells and medium. SAG virus seed stock (the 18th passage in suckling mouse brain) was obtained from M. Tashiro of the National Institute for Infectious Disease, Tokyo, Japan. Aedes albopictus C6\36 cells were provided by A. Igarashi of the Institute of Tropical Medicine, Nagasaki University, Japan. Chicken embryo fibroblast primary cells were provided by M. Hishiyama and T. Kohama of the National Institute for Infectious Disease, Tokyo, Japan. BHK-21 (C-13) cells were purchased from ATCC. Cells were cultured and maintained in Eagle's minimum essential medium (Type 1, Nissui Pharmaceutical) supplemented with 0n03 % glutamine, 0n12 % NaHCO $ , 5 % foetal bovine serum (BioWhittaker) and 1 mM non-essential amino acids (GibcoBRL).
Cloning of random-primed cDNA and determination of the complete consensus nucleotide sequence from the original virus stock. Virus was propagated in C6\36 cells at 30 mC for 2 days, and purified from the medium by differential centrifugation and sucrose density gradient centrifugation. RNA was extracted by the SDS-phenol method and precipitated in ethanol. cDNA to the extracted virus RNA was synthesized with a mixture of random deoxynucleotide hexamers and d(T) "( primers (200 : 1 in molar ratio), and made double-stranded by the method of Gubler & Hoffman (1983) . After methylation of internal EcoRI sites, ds cDNA was ligated to an EcoRI linker, 5h CGGAATTCCG 3h, followed by EcoRI digestion, size-fractionation in a low melting point agarose gel and purification by a spin column (QIAGEN), and cloned into an EcoRI-cut pGEM3Z vector (Promega). These clones were used to transform the MC1061 strain of Escherichia coli. Recombinant plasmid DNA was prepared from transformants by a boiling method and those plasmids containing an insert larger than approximately 0n8 kb were selected (Fig. 1 a) . The nucleotide sequence of insert DNA was determined from both ends with SP6 and T7 primers up to about 750 nt from the 5h terminus of the primer using a dye terminator cycle sequencing kit (Applied Biosystems International) and an automated DNA sequencer (model 377, ABI). The nucleotide sequences obtained were batch assembled using the AutoAssembler software (ABI) into an 11n7 kb sequence. Nucleotides at all positions were present in at least three overlapping clones including the 3h terminus followed by a poly(A) stretch, except for the 5h terminal 18 nt. Ambiguous nucleotides were resolved by sequencing the region using internal primers designed to anneal about 200 nt upstream or downstream of the region (Fig. 1 b) . To determine the 5h-terminal nucleotide sequence, cDNA was synthesized using an oligonucleotide TA1 (nt 816-832, minus-sense), tailed with dGTP using terminal deoxynucleotidyl transferase (GibcoBRL) and amplified by PCR using d(C) "( primer and TA1 with Taq DNA polymerase (Grade Ex, TaKaRa). The 0n8 kb PCR product was cloned into pGEM3Z and the sequence was determined from three independent clones using primer TA8 (nt 390-406, minus-sense). At positions where different nucleotides were present among three or more independent clones, a nucleotide occurring more than half the time was designated as the consensus nucleotide.
Construction of full-length cDNA clones. Based on the consensus nucleotide sequence information, primers were constructed such that cDNA made to the stock viral RNA could be amplified by PCR and cloned downstream of the T7 promoter in the plasmid Proteus1, which is a derivative of pBR322 and had been used for construction of full-length infectious cDNA clones of SIN (Rice et al., 1987 ; McKnight et al., 1996) , VEE (Davis et al., 1989) and RR (Kuhn et al., 1991) (Fig. 1 c) . The details of this construction are described below.
pToto1101, a full-length cDNA clone of SIN (Rice et al., 1987) , was digested with SacI and XhoI to separate the 1n8 kb vector from the 11n7 kb insert. Two oligonucleotides, 5h ACGCGTGAGAATTCGAA-GATCTGACTCGAGGATCTAGA 3h and 5h TCGATCTAGATCCT-CGAGTCAGATCTTCGAATTCTCACGCGTAGCT 3h, were annealed to each other and ligated to the SacI\XhoI-cut vector to generate a custom cloning vector, pPro.MEBXX, in which the original SacI and XhoI sites were not regenerated but which contained MluI, EcoRI, BglII, XhoI and XbaI sites from the 5h end. In the SAG genome, MluI and XbaI sites are absent and the EcoRI, BglII and XhoI sites are unique, dividing the entire SAG genome into four regions A, B, C and D (Fig. 1 c) . To clone region A into pPro.MEBXX, cDNA to the stock viral RNA was synthesized using primer TA6 (3713-3729, minus-sense), and amplified by PCR with a plus-sense primer, 5h GAGACGCGTTAATACGACT-CACTATAGATGGCGGACGTGTGACATCACCC 3h, in which bold letters indicate an MluI site, italicized letters indicate the T7 promoter, and underlined letters indicate the 5h-terminal 22 nt sequence of the SAG genome, and TA6. The 3n7 kb PCR product was digested with MluI and EcoRI and the 2n2 kb fragment was cloned into MluI\EcoRI-digested pPro.MEBXX to generate pSAG.A. A 2n6 kb insert representing region B was prepared by RT-PCR using TA4 (5606-5722, minus-sense) and TA27 (1985-2001, plus-sense) and digestion with EcoRI and BglII, and cloned into EcoRI\BglII-digested pSAG.A to generate pSAG.AB. Similarly, a 3n7 kb insert representing region C was prepared by RT-PCR using TA29 (8563-8579, minus-sense) and TA28 (4644-4660, plussense) and digestion with BglII and XhoI, and cloned into BglII\XhoI-digested pSAG.AB to generate pSAG.ABC. Finally, to clone the 3h-terminal, 3n3 kb region D into pSAG.ABC, cDNA was synthesized using 5h GGCTCTAGA(T)43GTAAAATA 3h, in which bold letters indicate an XbaI site and underlined letters indicate 8 nt complementary to the 3h terminal sequence of the SAG genome, and amplified by PCR using TA30 (8341-8357, plus-sense) and the primer used for the cDNA synthesis. The PCR product was digested with XhoI and XbaI and cloned into XhoI\XbaI-cut pSAG.ABC to generate pSAG.ABCD, which should contain from the 5h end between the MluI and XbaI sites, the T7 BDFE promoter sequence, an extra G residue for efficient transcription, the 11698 nt sequence of SAG and 43 A residues. Furthermore, to replace almost the entire insert from the BamHI site at nucleotide position 36 to the NsiI site at position 11095 in pSAG.ABCD with ds cDNA, cDNA was synthesized to genomic RNA with 5h GGCTCTAGA(T)43-GTAAAATA 3h and made double-stranded by the method of Gubler & Hoffmann (1983) . Nearly full-length ds cDNA was digested with BamHI and NsiI and the resulting 5n1 kb BamHI-BamHI fragment and 6n0 kb BamHI-NsiI fragments were purified after running in a low melting point agarose gel. The 6n0 kb BamHI-NsiI fragment was cloned into the BamHI\NsiI-cut, 2n5 kb vector prepared from pSAG.ABCD, followed by cloning of the 5n1 kb BamHI-BamHI fragment into the BamHI-cut, 8n5 kb vector. The orientation of the BamHI-BamHI insert was confirmed by restriction analysis. One of the resultant full-length cDNA clones was designated as pSAG2 (Fig. 1 d) .
Infectivity assay. Full-length cDNA clones constructed as above (Fig. 1 c, d) were digested with XbaI downstream of the 43-A stretch and transcribed in vitro with T7 RNA polymerase (TaKaRa) in the presence of a cap analogue (New England Biolabs). In vitro transcripts were transfected using DEAE-dextran (Shirako & Strauss, 1994) into BHK-21 monolayer cells, which were incubated at 30 mC in a liquid medium for up to 5 days until cytopathic effects were observed. Viable virus was recovered from the medium and used for plaque assay and virus growth analysis.
Results and Discussion

SAG genome structure and heterogeneity
The genome of SAG was 11 698 nt in length excluding the 3h poly(A) tail and had the typical alphavirus genome organization (Fig. 2) . A UGA opal termination codon was found 7 aa upstream from the nsP3\nsP4 cleavage site, as has been seen in the majority of alphaviruses sequenced Rumenapf et al., 1995 ; Simpson et al., 1996 ; Lee et al., 1997) .
In vitro transcripts from pSAG.ABCD were not viable in BHK-21 monolayer cells presumably due to the presence of one or more lethal mutations which had been generated during the PCR amplification. After replacement of nearly the entire insert with ds cDNA, in vitro transcripts from several independent clones were tested for viability. One clone, pSAG2, formed uniformly large plaques on BHK-21 monolayer cells, whereas a few other clones formed minute or small plaques. In this study, pSAG2 was selected for further analysis.
The entire nucleotide sequence of the insert of pSAG2 was determined using internal primers (Fig. 1 b) . There were 12 nucleotide differences between the consensus sequence de- A black diamond above the bar near the end of nsP3 indicates a leaky UGA termination codon, which is located 7 aa upstream of the cleavage site. Vertical bars below the boxes indicate locations of nucleotides that differ between the consensus sequence determined from randomly generated cDNA clones and the sequence of the full-length infectious cDNA clone pSAG2. Vertical bars above the boxes indicate locations of amino acids that differ between the two sequences (consensus SAG2). termined from random cDNA clones and the pSAG2 insert (Fig. 2) . Nine out of 12 nucleotide differences caused amino acid changes ; two were in the C-terminal region of nsP1, two were in the C-terminal proteinase domain of nsP2, three were in the E2 glycoprotein and two were in the E1 glycoprotein. Since the original virus stock was not plaque-purified and formed mixtures of plaques with different sizes (data not shown), these amino acid differences together with others that are not located are probably responsible for the minute and small plaque phenotypes. Similar plaque size variants have been reported with GET (Chanas et al., 1977 ; Kimura & Ueba, 1978) and appear to be a common phenomenon in SAG and GET populations. Since these viruses had been passaged many times in suckling mouse brain before the plaque assay, these variants could have been either generated during the passage or existed in nature as a mixed population and were tolerated in suckling mouse brain. Although there is no further literature describing mixed populations of plaque phenotypic variants of alphaviruses, this phenomenon may be common among alphaviruses, considering that RNA viruses are quasispecies (Holland et al., 1992) .
Relatedness of SAG to other alphaviruses
Amino acid sequences of nsP4 and E2 proteins of SAG were compared with those of the other alphaviruses in a pairwise fashion. These two proteins were chosen for comparisons because nsP4 is the RNA polymerase and resides and functions only in cytoplasm, in which case the environment may not differ much among different hosts, whereas E2, one of the two membrane glycoproteins, is a major determinant of virus antigenicity and is believed to interact with host cell receptors, resulting in more divergence than other viral proteins. As shown in Table 1 , SAG was most closely related to RR, with Number of residues in SAG2\number in RR strain T48 (Faragher et al., 1988 ; Kuhn et al., 1991) .
Numbers of residues
Sequence identity (%) 88 % amino acid identity in nsP4 and 80 % in E2. Among nine alphaviruses analysed here, SAG was included in a group formed by RR, SF and ONN in both nsP4 and E2. On the other hand, SIN and AURA formed a separate group and so did EEE and VEE, as described previously . It was peculiar that BF was rather distantly related to the other eight alphaviruses, including SAG, with 69-72 % identity in nsP4, but that in E2 BF was more closely related to the SAG\RR\SF\ONN group (47-49 % identity) than to the two other groups (40-41 % identity), implying that BF may have shared a similar host range with the SAG\RR\SF\ONN group in nature. The entire genome of SAG was compared with that of RR at the nucleotide and amino acid levels ( Table 2 ). The size of the SAG genome was smaller than RR by 155 nt due to the shorter SAG nsP3 C-terminal non-conserved region and the shorter SAG 3h-untranslated region. The 3h-untranslated region of SAG contained three repeated sequence elements about 60 nt long (Fig. 3 b, c) , whereas that of RR contained four repeated elements separated by up to 100 nt as previously described (Faragher & Dalgarno, 1986 ; Pfeffer et al., 1998) . Otherwise, the 5h-untranslated region and the 3h-terminal 220 nt region was 88 % and 84 % identical, respectively, between the two viruses (Fig. 3 a, c) . In the intergenic region, nucleotide sequence identity was only 67 %, although the 24 nt putative promoter sequence for the subgenomic RNA was 89 % identical between the two viruses. Overall amino acid sequence identity in the nonstructural proteins and in the structural proteins was 86 % and 83 %, respectively. These results indicated that SAG and RR evolved from a common ancestral virus.
Besides RR, the 5h-untranslated region of SAG was similar to that of SF, particularly in the terminal 30 nt (Fig. 3 a) ; the first 8 nt were identical between SAG and SF, whereas RR differed by having an extra T residue at the third position. On the other hand, in the 3h-terminal region, SAG was 82 % identical to BF in the terminal 280 nt region, which included two of the three consecutive 60 nt repeated sequence elements (Fig. 3 b, c) , while SF shared similarity with SAG only in the terminal 19 nt region, which is conserved among all alphaviruses and is considered to be a promoter for minus-strand RNA synthesis .
Partial nucleotide sequences of the nsP1 gene and the 3h-untranslated region of GET (Pfeffer et al., 1997 (Pfeffer et al., , 1998 were compared with our SAG2 sequence. In the nsP1-coding region (nt 220-600 in SAG2), the two viruses were 98 % identical at the nucleotide level and totally identical at the amino acid level. In the 3h-terminal untranslated region, the two viruses were 94 % identical, with the identical arrangement of the three repeated sequence elements (Fig. 3 b, c) . These similarities at nucleotide and amino acid levels as well as those in serology and in biology indicate that SAG is a strain of GET.
Virus growth in hamster, mosquito and chicken monolayer cells and its implication
SAG2 virus that was recovered after transfection of pSAG2 transcripts grew well in BHK-21 cells at 37 mC, reaching a titre of up to 5i10) p.f.u.\ml within the first 6 h after inoculation ( Fig. 4) . In C6\36 mosquito cells, SAG2 also grew gradually and well at 30 mC, approaching 10* p.f.u.\ml 24 h after inoculation. In chicken embryo fibroblast cells, SAG2 grew about 10 % as well as in mosquito cells at 30 mC, reaching 5i10( p.f.u.\ml 24 h after inoculation, but only very poorly at 40 mC. To get a maximum titre of the virus, infected BHK-21 cells were incubated at 30 mC for 48 h and titres higher than 2i10* were obtained routinely (data not shown). Although SAG and RR are very similar at the nucleotide and translated amino acid levels, their natural host range as well as their ability to grow in avian cells in culture differ markedly. These differences are probably due to differences in the E2 glycoprotein which affect binding of the virus to host cell receptors. Besides mosquitoes, small native marsupial mammals in Australia are considered to be the primary hosts for RR and BF, whereas pigs appear to be the primary mammalian host for SAG and GET (Nakamura et al., 1967 ; Kono, 1988) . In addition, SAG and GET are widely distributed along the Asian and Australian side of the Pacific Rim, implying that migrating birds are also involved in circulation in nature, as is the case for SIN isolates (Shirako et al., 1991 ; Norder et al., 1996) .
The fact that SAG and RR were not closely related to BF in the nsP4 amino acid sequence among alphaviruses, but that the 3h terminal 220 nt regions were nearly identical among the three viruses, including the highly conserved repeated sequence element, implies that nsP4 binds only the terminal 19 nt region for initiation of minus-strand RNA synthesis and the rest of the untranslated region containing the repeated sequence elements is important for host factor binding, as proposed by Kuhn et al. (1991) . If so, near identities in the 3h-terminal region among SAG\GET, RR and BF may have resulted from common Culex spp. and Aedes spp. mosquito vectors in their natural circulation.
